Increased Transmission Capacity For A Fiber-Optic Link 

[0001] This application is a divisional of U.S. Application Serial No. 09/824,433, 
filed April 2, 2001, entitled "Increased Transmission Capacity for a Fiber-Optic Link", 
which is incorporated herein by reference. 

Technical Field 

[0002] The present invention relates generally to the field of telecommunications 
and, in particular, to increased transmission capacity for a fiber-optic link. 

Background 

[0003] Telecommunications systems transmit data, e.g., voice video and other data, 
between equipment at various locations. This equipment includes user equipment, 
access equipment, switches, and other conventional telecommunications equipment. 
Telecommunications systems typically include a variety of transmission medium to 
transmit data to and from the equipment. For example, some systems transmit data over 
one or more of coaxial cables, fiber optic cables, or other appropriate medium. 

[0004] Over time, service providers increase the capacity of their systems to keep up 
with an ever-increasing demand for access to the system. One typical technique for 
increasing the capacity of the system is to increase the speed at which data is 
transmitted over the system. Unfortunately, when fiber-optic cables are used to transmit 
data, other aspects of the transmission medium limit the effectiveness of the increased 
speed. For example, the "dispersion" effect limits the ability of the service provider to 
increase the speed of data carried over the fiber-optic cable. The dispersion effect 
occurs when the light transmitted over the cable broadens out to the point where the 
information carried by the light is corrupted. To compensate for this effect, 
conventionally, expensive dispersion compensation circuitry is included in the system. 
However, in some applications, the expense of this additional circuitry outweighs the 
benefits of the increased speed of transmission. 



[0005] For the reasons stated above, and for other reasons stated below which will 
become apparent to those skilled in the art upon reading and understanding the present 
specification, there is a need in the art for increased capacity in transmission systems 
without the use of expensive dispersion compensation circuitry. 



Summary 

[0006] The above mentioned problems with telecommunications and other 
problems are addressed by embodiments of the present invention and will be understood 
by reading and studying the following specification. Embodiments of the present 
invention encode multiple digital data streams into a composite signal using, for 
example, pulse amplitude modulation and transmitting the composite signal over a 
fiber-optic link in order to improve the capacity of the link. 

[0007] More particularly, in one embodiment, an optical communication system is 
provided. The optical communication system includes an optical fiber, an optical 
transmitter, and an optical receiver. The optical transmitter is coupled to the optical 
fiber. The optical transmitter is adapted to encode an optical signal based on at least 
two, independent input signals. The optical receiver is coupled to the optical fiber. The 
optical receiver is adapted to decode the optical signal to reproduce the at least two, 
independent input signals as output signals. 



Brief Description of the Drawings 
[0008] Figure 1 is a block diagram of an embodiment of a telecommunications 
system that encodes multiple channels for transmission over a fiber optic link according 
to the teachings of the present invention. 

[0009] Figure 2 is a schematic diagram of an embodiment of an encoder circuit for 
an optical transmitter according to the teachings of the present invention. 

[0010] Figures 3 A-3G are timing diagrams illustrating an example of the operation 
of the encoder circuit of Figure 2. 
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[0011] Figure 4 is a schematic diagram of an embodiment of a decoder circuit* 

for an optical receiver according to the teachings of the present invention. 

[0012] Figure 5 is a graph that illustrates one embodiment for signal levels used 

by an encoder/decoder in a telecommunications system according to the teachings of 
present invention. 

[0013] Figures 6A - 6G are timing diagrams illustrating an example of the 

operation of the decoder circuit of figure 4. 



Detailed Description 

[0014] In the following detailed description, reference is made to the 

accompanying drawings that form a part hereof, and in which is shown by way of 
illustration specific illustrative embodiments in which the invention may be practiced. 
These embodiments are described in sufficient detail to enable those skilled in the art to 
practice the invention, and it is to be understood that other embodiments may be utilized 
and that logical, mechanical and electrical changes may be made without departing from 
the spirit and scope of the present invention. The following detailed description is, 
therefore, not to be taken in a limiting sense. 

[0015] Figure 1 is a block diagram of an embodiment of a telecommunications 
system, indicated generally at 1 00, that encodes multiple channels for transmission over 
a fiber optic link according to the teachings of the present invention. System 100 
includes optical transmitter 102 that is coupled to optical receiver 104 over fiber-optic 
link 106. Advantageously, system 100 provides increased capacity over existing 
systems by allowing multiple analog channels to be encoded and transmitted over a 
single fiber-optic link 106 without substantial impacts due to increasing dispersion 
effects and without substantially increasing the speed of transmission. In one 
embodiment, system 100 uses pulse amplitude modulation to encode the signals from 
multiple sources as a composite optical signal to be carried over fiber-optic link 106. 
For purposes of the specification, "pulse amplitude modulation" is a technique in which 
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the amplitude of pulses in the composite optical signal are determined based on values 
of bits from multiple sources. 

[0016] Optical transmitter 102 is coupled to receive inputs from plurality of 
independent, analog data sources at ports 108-1,..., 108-N. For example, in one 
embodiment, optical transmitter 102 is coupled to receive analog RF signals. Optical 
transmitter 102 includes front-end circuitry for processing the received analog signals. 
This front-end circuitry is reproduced for each of the inputs at ports 108-1,..., 108-N. 
For simplicity in description, only the front-end circuitry for port 108-1 is described in 
detail. It is understood that the front-end circuitry for the remaining ports is constructed 
and operates in a similar manner and thus is not described here. 

[0017] The front-end circuitry for port 108-1 includes analog input circuit 1 10, 
analog to digital (A/D) converter 112, field programmable gate array 1 14, and serializer 
116. Analog input circuit 110 amplifies the input signal and performs Nyquist filtering 
before providing the signal to A/D converter 112. A/D converter 112 converts the 
analog input signals from analog input circuit 110 into a corresponding digital signal for 
application to field programmable gate array 1 14. Field programmable gate array 1 14 
performs operations such as framing, coding, and scrambling for the digital data. Once 
processed, the data is provided to serializer 1 16 to convert the parallel data from field 
programmable gate array 1 14 into a serial bit stream. 

[0018] The front-end circuitry of optical transmitter 102 performs conventional 
functions to prepare analog signals for digital transmission over an optical link. Thus, 
portions of the front-end circuitry can be removed or modified as necessary when digital 
or other types of analog signals are to be transmitted. For example, A/D converters are 
not necessary if the signals receive at ports 108-1, . . ., 108-N are in the digital domain. 

[0019] Encoder circuit 1 18 is coupled to the front-end circuitry of ports 108-1,..., 
108-N. Thus, encoder circuit 118 receives first and second serial, digital data streams at 
inputs 120-1, . . . , 120-N. Encoder circuit 118 encodes the bits of the digital, serial data 
streams into a composite output signal that represents bits from both digital, serial data 
streams in the same symbol time as the serial data streams. For example, in one 
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embodiment, encoder circuit 1 1 8 performs pulse amplitude modulation with four 
discrete levels for the serial input data streams. In other embodiments, encoder circuit 
1 1 8 encodes any appropriate number of input data streams into a composite signal with, 
for example, any appropriate number of signal levels in the composite signal. Optical 
modulator 124 receives the composite output signal and provides a modulated optical 
signal for transmission over optical link 106. 

[0020] Optical receiver 104 receives the composite optical signal over optical link 
106 and reproduces the serial, digital signals at output ports 134-1, .. ., 134-N. Optical 
receiver 104 receives the composite optical signal at optical detector 126. In one 
embodiment, optical detector 126 comprises a photodiode or other appropriate circuit 
that converts optical signals to electric signals. Optical detector 126 is coupled to 
decoder circuit 128 through gain circuit 130. In one embodiment, gain circuit 130 
includes an automatic gain control circuit. The automatic gain control circuit assures 
that the composite peak to peak voltage provided to decoder circuit 128 remains 
substantially constant over the input dynamic range of optical receiver 104 and under 
many other operating conditions of system 100. This allows decoder 128 to properly 
reproduce the input signals for ports 108-1, . . ., 108-N from the received composite 
signal. Alternatively, in other embodiments, decoder circuit 128 compensates for 
variations in the peak to peak voltage provided by optical detector 126 when decoding 
the composite signal. 

[0021] Gain circuit 130 further includes a clock recovery mechanism that provides a 
clock signal to decoder circuit 128. This clock recovery mechanism is necessary to 
extract a clock signal to synchronize with the inputs at ports 108-1,..., 108-N for the 
purpose of outputting time aligned signals at output ports 134-1,..., 134-N. 

[0022] Decoder circuit 128 receives the composite signal from optical detector 126 
and gain circuit 130 and reproduces to the original signals received at ports 120-1,..., 
120-N. Thus, decoder circuit 128 outputs a plurality of independent, serial, digital data 
streams at outputs 134-1,..., 134-N. Each of the outputs 134-1,..., 134-N is provided to 
a respective one of output ports 1 32- 1 , . . ., 1 32-N through appropriate back end 
circuitry. 
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[0023] Due to the similarity in back end circuitry for ports 132-1 ,.. 132-N, only the 
back end circuitry associated with port 132-1 is described here. It is understood, 
however, that the back end circuitry associated with the other ports is constructed and 
operates in a similar manner. The back end circuitry associated with port 132-1 
includes deserializer 136, field programmable gate array 138, digital to analog (D/A) 
converter 140, and analog output circuit 142. Deserializer 136 converts serial data 
streams from decoder circuit 128 into parallel data for field programmable gate array 
138. Field programmable gate array 138 performs selected digital manipulation of the 
data, e.g., descrambling, decoding, and other appropriate digital processing operations. 
The output of field programmable gate array 138 is provided to digital to analog 
converter 140 in which analog output signals are generated based on the digital input 
from field programmable gate array 138. Analog output circuit 142 further amplifies, 
filters, and otherwise processes the analog signal for output port 132-1. 

[0024] Figure 2 is a schematic diagram of an embodiment of an encoder circuit, 
indicated generally at 200, for an optical transmitter according to the teachings of the 
present invention. Encoder circuit 200 receives a plurality of digital, serial data streams 
and produces a composite output signal based on the digital, serial data streams. The 
composite output signal is used to drive an optical modulator for transmitting the 
composite signal over an optical fiber. In this embodiment, encoder circuit 200 receives 
two digital, serial data streams at inputs 202 and 204 and produces a composite signal 
for transmission over optical fiber 215. Encoder circuit 200 further includes 
synchronous clock input 209 that provides a clock reference signal for use in encoding 
the data received at inputs 202 and 204. In this embodiment, encoder circuit 200 
encodes the two input data streams into a composite signal with four output levels based 
on the signal level of the input signals according to the truth table provided below. 
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[0025] The signal levels of the composite signal are represented graphically in 
Figure 5. Encoder circuit 200 achieves the desired output signal level by controlling 
the current level provided to optical modulator 214. 

[0026] Encoder circuit 200 includes three main components that generate the 

output current used to drive optical modulator 214. These components include: encoder 
208, latches 210, and modulator driver 212. Encoder 208 comprises a logic circuit that 
is coupled to receive signals at inputs 202 and 204. In this embodiment, encoder circuit 
208 includes AND gate 216, and exclusive-OR gates 218 and 220. AND gate 216 is 
coupled to inputs 202 and 204. Input 202 is also coupled to one input of exclusive-OR 
gate 218. Input 204 is also coupled to one input of exclusive-OR gate 220. An output 
of AND gate 216 is coupled to another input of each of exclusive-OR gates 218 and 
220. Encoder 208 provides three output signals. These output signals are provided by 
AND gate 216, and exclusive-OR gates 218 and 220. 

[0027] Latches 210 receive the output signals from encoder 208. Specifically, 

latches 210 comprise a plurality of latches 222, 224, and 226. Each latch comprises a D 
flip-flop with a clock input coupled to synchronous clock input 209. 

[0028] Latches 210 are coupled to modulator driver 212. In this embodiment, 

modulator driver 212 comprises a plurality of current switches 228, 230, and 232. 
Based on the output of latches 222, 224, and 226, current switches 228, 230, and 232 
provide a selected current level to optical modulator 214 to produce output pulses with 
appropriate amplitudes based on the signals receive at input 202 and 204. In this 
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example, current switch 228 is turned on to provide a current to optical modulator 214 
when both input 202 and input 204 receive a logic 1 . Further, current switch 230 is 
turned on to provide a different current level to optical modulator 214 when input 202 is 
a logic 1 and input 204 is a logic 0. Finally, current switch 232 is turned on to provide 
their current level to optical modulator 214 when input 202 is a logic 0 and input 204 is 
a logic 1 . When input 202 and input 204 both receive a logic 0, only bias current is 
provided to optical modulator 214 thus producing a fourth output level. 

[0029] In one embodiment, optical modulator 214 includes laser 238 and 

electro-absorptive modulator 236. Optical modulator 214 is further coupled to laser 
cooler and bias control circuit 240. 

[0030] The operation of encoder circuit 200 is described with respect to timing 
diagrams shown in Figures 3 A-3G. In the timing diagrams, the signals are represented 
as "return to zero" signals. It is understood, however, that in other embodiment, the 
input signals to the encoder circuit do not return to zero on each bit. 

[0031] Figure 3 A illustrates a stream of pulses for a synchronous reference clock for 
use in this example. Figures 3B and 3C provide an example of input signals provided to 
inputs 202 and 204, respectively, of encoder circuit 200. Figures 3D, 3E, and 3F 
illustrate the states of current switches 228, 230, and 232, respectively. Finally, Figure 
3G illustrates the power level of the optical output of optical modulator 214. To 
describe the operation of encoder circuit 200, an example of each of the possible power 
output levels in Figure 3G are provided in turn below. 

[0032] Optical power level 4 is achieved when both input 202 and input 204 receive 
a logic 1 as in pulse 1 of this example. In this case, AND gate 216 produces a logic 1 
output. This logic 1 output is latched by latch 222 and turns on current switch 228 as 
indicated in Figure 3D. It is noted that current switches 230 and 232 are turned off as 
indicated in Figures 3E and 3F. Thus, the current from current switch 228 drives the 
voltage on the resister 234 and sets the output pulse level of modulator 214 as indicated 
in pulse 1 of Figure 3G. In one embodiment, this optical power level corresponds to 0 
dB relative attenuation. 
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[0033] Optical power level 3 is achieved when input 202 receives a logic level 1 and 
input 204 receives a logic 0 as in pulse 4 of this example. In this case, exclusive-OR 
gate 218 is the only logic gate that produces a logic 1 output. This logic 1 output is 
latched by latch 224 and turns on current switch 230 as indicated in Figure 3E. In this 
case, switches 228 and 232 are both turned off as indicated in Figures 3D and 3F. The 
current from current switch 230 drives the voltage on the resister 234 and sets the output 
pulse level of modulator 214 as indicated in pulse 4 of Figure 3G. In one embodiment, 
this optical power level corresponds to -1.75 dB relative attenuation. 

[0034] Optical power level 2 is achieved when input 202 receives a logic level 0 and 
input 204 receives a logic 1 as in pulse 3 of this example. In this case, exclusive-OR 
gate 220 is the only logic gate that produces a logic 1 output. This logic 1 output is 
latched by latch 226 and turns on current switch 232 as indicated in Figure 3F. In this 
case, switches 228 and 230 are both turned off as indicated in Figures 3D and 3E. The 
current from current switch 232 drives the voltage on the resister 234 and sets the output 
pulse level of modulator 214 as indicated in pulse 3 of Figure 3G. In one embodiment, 
this optical power level corresponds to -4.75 dB relative attenuation. 

[0035] Optical power level 1 is achieved when input 202 receives a logic level 0 and 
input 204 receives a logic 0 as in pulse 5 of this example. In this case, none of the logic 
gates produce a logic 1 output. Thus, all of the current switches 228, 230, and 232 are 
turned off as indicated in Figures 3D, 3E, and 3F. The fixed, low level bias current 
drives the voltage on the resister 234 and sets the output pulse level of modulator 214 as 
indicated in pulse 5 of Figure 3G. In one embodiment, this optical power level 
corresponds to -15 dB relative attenuation. 

[0036] Figure 4 is a schematic diagram of an embodiment of a decoder circuit, 

indicated generally at 400, for an optical receiver according to the teachings of the 

present invention. Decoder circuit 400 receives a composite optical signal and 

reproduces a plurality of digital, serial data streams from the composite signal. The 

composite input signal is received over optical fiber 402. In this embodiment, decoder 

circuit 400 produces two digital, serial data streams at outputs 404 and 406. Decoder 

circuit 400 decodes a composite signal with four output levels into the two independent 
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serial, data streams at outputs 404 and 406. It is understood that in other embodiments 
other appropriate encoding/decoding schemes are used to allow any appropriate number 
of independent, serial, digital data streams to be reproduced from a composite signal. 

[0037] Decoder circuit 400 receives the composite signal from fiber optic cable 

402 through optical receiver 408 and amplifier 414. Optical receiver 408, in one 
embodiment, includes photodiode 410 and preamplifier 412. Preamplifier 412 has a 
gain that is selected to keep the operation linear over the full input dynamic range. 
Preamplifier 412 is coupled to amplifier 414. Amplifier 414 is coupled to input 41 5 of 
decoder circuit 400. In one embodiment, automatic gain control circuit 416 is coupled 
to selectively adjust the gain of amplifier 414. In practice, automatic gain control circuit 
416 attempts to maintain the peak-to-peak voltage of the composite signal into input 
415 at substantially a constant level. Input 415 is also provided to clock recovery circuit 
418. Clock recovery circuit 418 derives a clock signal from the composite signal. This 
clock signal is provided as another input to decoder circuit 400 at 417. Decoder circuit 
400, in one embodiment, includes three stages. Each of these stages is discussed in turn 
below. 

[0038] Decoder circuit 400 includes a plurality of comparators 420. In this 

example, decoder circuit 400 includes three comparators 426, 428, and 430, 
respectively, in order to detect the four possible levels of the composite input signal. In 
other embodiments, an appropriate number of comparators is used to allow decoder 
circuit 400 to discern properly between the various levels of the composite input signal 
to allow the original signals to be reproduced at outputs 404 and 406. Each of the 

comparators 426, 428, and 430 are implemented as D flip-flops with the D input 
coupled to a reference voltage. For example, comparator 430 is coupled to the reference 
voltage V3, comparator 428 is coupled to the reference voltage V2 and the comparator 
426 is coupled to reference voltage VI. The reference voltages are established by a 
plurality of resistors Rl, R2, R3, and R4 that are coupled between Vcc and ground. 
Figure 5 demonstrates the relationship between the reference voltages, VI, V2, and V3, 
and the voltage levels used for encoding data, namely, levels 500, 502, 504, and 506. 
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[0039] Decoder circuit 400 also includes decoder 422. Decoder 422 is a logic 

circuit that, in this embodiment, includes three logic gates. Decoder 422 includes AND 
gate 432 and exclusive-OR gates 434 and 436. AND gate 432 is coupled to the Q 
output of each of comparators 428 and 430. Exclusive-OR gate 434 is also coupled to 
the Q output of each of comparators 428 and 430. Exclusive-OR gate 436 is coupled to 
the Q output of comparator 426 and to the output of exclusive-OR gate 434. The 
output of exclusive-OR gate 436 and the output of AND gate 432 provide the outputs 
for decoder 422. 

[0040] Decoder circuit 400 further includes latches 424 which provide the 

output for decoder circuit 400. Latches 424 include first and second D flip-flops 438 
and 440. The clock input of each of D flip-flops 438 and 440 are coupled to the 
recovered clock signal at input 417. First D flip-flop 438 is coupled to the output of 
exclusive-OR gate 436. Similarly, second D flip-flop 440 is coupled to the output of 
AND gate 432. Flip-flops 438 and 440 are coupled to outputs 404 and 406, 
respectively, of decoder circuit 400. 

[0041] The operation of decoder circuit 400 is described with respect to an 

example provided in Figures 6A-6G. In the timing diagrams, the signals are represented 
as "return to zero" signals. It is understood, however, that in other embodiment, the bits 
of the serial, digital data streams do not return to zero on each bit. 

[0042] Figure 6A illustrates a stream of pulses for a recovered reference clock for 
use in this example. Figure 6B provides an example of a composite signal output from 
an optical detector. Figures 6C, 6D and 6E illustrate the outputs of comparators 426, 
428, and 430, respectively. Finally, Figures 6F and 6G illustrate the serial, digital data 
streams reproduced from the composite signal at outputs 404 and 406, respectively. To 
describe the operation of decoder circuit 500, an example of each of the possible power 
input levels in Figure 6B are provided in turn below. 

[0043] An optical power level 4 corresponding to a logic 1 at both outputs 404 

and 406 is shown for example with respect to pulse 1 in the composite signal of Figure 
6B. When a pulse of level 4 is received, all of the comparators 426, 428, and 430 
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provide high logic level output signals. With two logic 1 inputs, AND gate 432 
produces a logic 1 output and thus output 406 is a logic 1 . Further, with both of the 
inputs to exclusive-OR gate 434 at logic 1, exclusive-OR gate 434 outputs a logic 0. 
Exclusive-OR gate 436 receives a logic 0 from exclusive-OR gate 434 and a logic 1 
from comparator 426. Thus, output 404 is also a logic 1 . 

[0044] An optical power level 3 corresponding to a logic 0 at output 404 and a logic 
1 at output 406 is shown for example with respect to pulse 4 in the composite signal of 
Figure 6B. When a pulse of level 3 is received, comparators 428 and 430 provide a 
high logic level output signal and comparator 426 provides a logic 0 as shown in 
Figures 6D, 6E, and 6C, respectively. With two logic 1 inputs, AND gate 432 produces 
a logic 1 output and thus output 406 is a logic 1 . Further, with both of the inputs to 
exclusive-OR gate 434 at logic 1 , exclusive-OR gate 434 outputs a logic 0. Exclusive- 
OR gate 436 receives a logic 0 from exclusive-OR gate 434 and a logic 0 from 
comparator 426. Thus, output 404 is also a logic 0. 

[0045] An optical power level 2 corresponding to a logic 1 at output 404 and a logic 
0 at output 406 is shown for example with respect to pulse 3 in the composite signal of 
Figure 6B. When a pulse of level 2 is received, comparator 430 provides a logic 1 
output signal and comparators 426 and 428 provide a logic 0 as shown in Figures 6E, 
6C, and 6D, respectively. With one logic 1 input, AND gate 432 produces a logic 0 
output and thus output 406 is a logic 0. Further, with one of the inputs to exclusive-OR 
gate 434 at logic 1 , exclusive-OR gate 434 outputs a logic 1 . Thus, exclusive-OR gate 
436 receives a logic 1 from exclusive-OR gate 434 and a logic 0 from comparator 426. 
Thus, output 404 is also a logic 1 . 

[0046] An optical power level 1 corresponding to a logic 0 at output 404 and a logic 
0 at output 406 is shown for example with respect to pulse 5 in the composite signal of 
Figure 6B. When a pulse of level 1 is received, comparators 426, 428 and 430 provide 
logic 0 output signals as shown in Figures 6C, 6D, and 6E, respectively. With two logic 
0 inputs, AND gate 432 produces a logic 0 output and thus output 406 is a logic 0. 
Further, with both of the inputs to exclusive-OR gate 434 at logic 0, exclusive-OR gate 
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434 outputs a logic 0. Thus, exclusive-OR gate 436 receives a logic 0 from exclusive- 
OR gate 434 and a logic 0 from comparator 426. Thus, output 404 is also a logic 0. 

[0047] Although specific embodiments have been illustrated and described in 

this specification, it will be appreciated by those of ordinary skill in the art that any 
arrangement that is calculated to achieve the same purpose may be substituted for the 
specific embodiment shown. This application is intended to cover any adaptations or 
variations of the present invention. For example, other techniques for encoding multiple 
streams of data into a composite signal can be used in place of pulse amplitude 
modulation, e.g., coding techniques which use M signal levels for N inputs wherein M 
can equal N. Further, other voltage levels, signal levels and numbers of bit streams can 
be used. 
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